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Use-dependent and Use-independent Blocking 
Actions of Picrotoxin and Zinc at the GABAc 
Receptor in Retinal Horizontal Cells 
CUN-JIAN DONG,* FRANK S. WERBLIN*t 
The inhibitory actions of picrotoxin (PTX) and zinc on the GABAc receptor in acutely isolated 
catfish cone horizontal cells were studied and compared using the whole-cell patch clamp technique. 
PTX blocked the GABAc current elicited by 30/~M GABA with ICso --- 0.64 pM. Over a PTX 
concentration range of 1-100 #M, simultaneous application of PTX with GABA (30/~M) produced 
current transients at both the onset and offset of the drug pulse. When the PTX concentration was 
maintained before, during, and after GABA application, the current transients at the onset and 
offset of GABA application disappeared. Thus, these transients seem to reflect a slower initial 
action of PTX at, and faster washout of PTX from, the GABAc receptor than GABA when they 
were co-applied. The full recovery from PTX inhibition required a second GABA application. 
Recovery could not be achieved by a prolonged wash in the absence of GABA. These results suggest 
that PTX effect iis use-dependent. Zinc also potently blocked the GABAc current elicited by 30 
GABA with an ICso about an order of magnitude higher than that of PTX (ICso = 8.2/~M). 
However, only the onset, but not the offset current transient was observed when zinc was 
simultaneously applied with GABA. The full recovery of the GABAc current from zinc inhibition 
was obtained after washing for 20 sec and did not require a subsequent GABA application. This 
indicates that the zinc effect is use-independent. Our findings suggest hat: (1) the zinc binding site 
is on the surface of the GABAc receptor molecule; (2) there is a PTX binding site that is probably 
inside the receptor and its access requires GABA binding to the receptor. Copyright © 1996 
Elsevier Science Ltd 
GABA GABAc. receptor Picrotoxin Zinc Horizontal cell Retina 
INTRODUCTION 
The GABAc receptor is a receptor-chloride channel 
complex similar to the GABAA receptor (Johnston, 1986; 
Sivilotti & Nistri, 1989), but its properties are not as well 
known as those of the GABAA receptor partially due to 
the lack of a suitable preparation, where the cells 
expressing the native G,~d3Ac receptor can be unequivo- 
cally identified and the GABAc current recorded. 
Recently, progress has been made in this direction: the 
GABAc responses, namely the GABA-elicited CI- 
currents that are insensitive to bicuculline, have been 
recorded from bipolar cells in rat and tiger salamander 
retinal slice preparations (Feigenspan et al., 1993; 
Lukasiewicz et al., 199.4) and horizontal cells isolated 
from white perch and catfish retinas (Qian & Dowling, 
1993; Dong et al., lO94). These preparations have 
facilitated the study of the pharmacology, physiology, 
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and neuromodulation f the native GABAc receptor 
(Feigenspan et al., 1993; Lukasiewicz et al., 1994; 
Lukasiewicz & Werblin, 1994; Qian & Dowling, 1994; 
Dong & Werblin, 1994a, 1995). 
Picrotoxin (PTX), a GABA-gated chloride channel 
blocker, reduces the GABAA receptor current partly in a 
use-dependent way (Inoue & Akaike, 1988; Newland & 
Cull-Candy, 1992; Yoon et al., 1993). PTX also potently 
blocks responses mediated by GABAc receptors in distal 
retinal neurons of the cold-blooded vertebrates (Qian & 
Dowling, 1993, 1994; Lukasiewicz et al., 1994; Dong et 
al., 1994), but it is not known if its action at these native 
GABAc receptors is use-dependent. Zinc, widely dis- 
tributed throughout the vertebrate c ntral nervous ystem 
(Haug, 1967; Frederickson, 1989) and believed to be an 
endogenous neuromodulator (Assaf & Chung, 1984; Xie 
& Smart, 1991), has been shown to modulate the function 
of both GABAA and GABAB receptors (Westbrook & 
Mayer, 1987; Xie & Smart, 1991). Recently it has been 
reported that zinc also blocks the GABA-elicited current 
at the native GABAc receptor (Dong & Werblin, 1995) 
and the GABA receptors expressed in Xenopus oocytes 
after injection of the mRNA of the pl, or p2 subunit 
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(Wang et al., 1994). In the present work, we studied and 
compared the blocking actions of PTX and zinc at the 
GABAc receptor in acutely isolated catfish cone 
horizontal cells. We found that although both PTX and 
zinc are potent blockers of the GABAc receptor they act 
differently: the effect of PTX was at least partially use- 
dependent whereas that of zinc was not. Preliminary 




Acutely isolated catfish (Ictalurus punctatus) cone 
horizontal cells were used to avoid possible changes in 
receptor subtypes and distribution that could occur during 
the culture period. The detailed procedures for cell 
isolation were described elsewhere (Tachibana, 1981; 
Linn & Christensen, 1992; Dong et al., 1994). Briefly, a 
catfish was decapitated and pithed. Both eyes were 
enucleated and excised. The eyecups were then cut into 
four pieces and incubated for 20 min in papain solution 
containing (in mM): 126 NaCI, 4 KCI, 1 MgC12, 15 
glucose, 10 HEPES, 5 EGTA, and 5 L-cysteine to which 
was added 10 U/ml papain (Worthington Biochemical 
Corp., Freehold, NJ). The pH of the solution was adjusted 
to 7.4 with NaOH. Afterwards, the retina pieces were 
isolated from the epithelium layer and placed into fresh 
papain solution for another 20 min. Following this 
procedure, the retina pieces were rinsed five times with 
the normal catfish bathing medium (see below) and 
stored for up to 6 hr at 4°C until used in the normal 
bathing medium containing 1 mg/ml bovine serum 
albumin (Sigma, St. Louis, MO). Cells used for electrical 
recordings were freshly dissociated from the stored retina 
pieces by mechanical trituration with a fire-polished glass 
pipette immediately before recording. 
Morphological and electrophysiological identification 
Cone horizontal cells were easily identified because 
they retained their characteristic morphology (Naka & 
Carraway, 1975) after the dissociation procedures and 
have unique electrical properties (Schwartz, 1987; Dong 
et al., 1994). 
Solutions and drug application 
Normal bathing solution contained (in mM): 126 
choline chloride; 3 KCI; 3 CaCI2; 1 MgCI2; 10 HEPES; 
15 glucose with pH adjusted to 7.4 with choline 
hydroxide. Pharmacological gents (concentrations spe- 
cified in the text and figure legends) were applied to 
horizontal cells either by whole chamber bath application 
or by local perfusion. Fine polyethylene tubing from 
seven reservoirs converged to a plastic gel-filling pipette 
tip (400/~M inner diameter) via a plastic manifold. The 
tip was placed about 1-2 mm away from the patched cell. 
The timing of the drug application through the local 
perfusion system was controlled by an IBM compatible 
personal computer via solenoid valves. The flow rate was 
1-2 ml/min for the local peffusion and about 4 ml/min 
for whole chamber perfusion. Flow of the bathing media 
was driven by gravity. The drugs were added to the 
normal bathing solution without substitution for choline 
chloride since their concentrations were <1 raM. The 
pipette solution used in most whole-cell recordings 
contained (in mM): 130 KC1; 0.5 CaC12; 5 EGTA; 10 
HEPES; 4 ATP, and 0.5 GTP-Mg 2+ adjusted to pH 7.2 
with KOH. Exceptions are noted in the figure legends. 
GABA, bicuculline methiodide, PTX, and ZnCI2 were all 
purchased from Sigma (St. Louis, MO). 
Electrophysiological recording and data analysis 
Whole-cell patch recordings (Hamill et al., 1981) were 
performed using a List EPC-7 (Medical Systems Corp., 
Greenvale, NY) patch-clamp amplifier. Patch electrodes 
were fabricated from borosilicate filament glass (TW- 
150F-4, World Precision Instruments Inc., New Haven, 
CT) with a Flaming-Brown horizontal puller (model P- 
87, Sutter Instruments, Novato, CA). The resistance of 
the patch electrodes was between 5 and 10 Mr2 in the 
normal bathing medium when filled with the pipette 
solution whose composition is given above. Patch 
electrodes were used without fire polish or coating. The 
electrode series resistance ranged from 12 to 20 MQ and 
was not compensated. Membrane potentials were cor- 
rected for liquid junction potential as described by 
Fenwick et al. (1982). 
The software used to generate voltage commands, 
acquire data, trigger the solenoid for the local peffusion 
system and data analysis was developed in this lab (Grant 
& Werblin, 1994). The responses and stimuli were 
digitized by a Data Translation DT2828 analog-to-digital 
interface and recorded on an IBM compatible PC. The 
GABA-elicited whole-cell currents were low-pass fil- 
tered at 60 Hz unless otherwise indicated to improve the 
signal/noise ratio. Statistical data are expressed in the text 
as mean + SEM unless otherwise noted. 
RESULTS 
Kinetics of the PTX action and the dose-effect relation of 
PTX at the GABAc receptor 
To study the interaction between PTX and GABA at 
the GABAc receptor on catfish cone horizontal cells we 
applied PTX and GABA simultaneously and measured 
the dose-effect relation of PTX on GABAc responses. 
Figure I(A) shows the inhibitory action of PTX at various 
concentrations on current responses elicited by 30/~M 
GABA from a typical cell. The cell was continuously 
superfused with control Ringer solution by connecting 
the local perfusion pipette to the wash line (see Methods 
for details). At the time indicated by the upward 
deflection of the horizontal line above the current races 
PTX and GABA were co-applied. PTX caused a dose- 
dependent reduction of the GABAc current. As the PTX 
concentration i creased, a transient current peak began to 
develop at the onset of the drug pulse and became more 
prominent. However, as shown in the superimposed 
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FIGURE 1. Dose-effect relation of picrotoxin (PTX) at GABAc receptors. All responses are elicited by 30/~M GABA. (A) 
Current responses recorded in the presence of PTX at the concentration (in/~M) shown to the left of each trace. (B) Plot of the 
dose-effect relation of PTX. Data points are averaged values of the measurements made at the time indicated by the dotted 
vertical line shown in (A) They are from seven cells and are normalized to values obtained in the absence of PTX. The smooth 
curve is a theoretical fit of the measure data to a logistic equation, I/Imax = 1 - 1/{1 + (ICs0/[PTX]n)}, using the Marquardt- 
Levenberg algorithm. The concentration for half-maximal inhibition (ICso) is 0.64 #M and the slope coefficient (n) obtained 
from the fit is 0.76. 
responses atthe bottom of Fig. I(A), the initial rising rate 
of the response did not change significantly when PTX 
and GABA were co-applied. When the concentration f 
PTX was <1 #M the recovery of the current response to 
the baseline during was;hout was monophasic. However, 
when the PTX concentration was beyond 1 #M the 
recovery of the response; became biphasic: the amplitude 
first increased then decayed slowly to the baseline 
forming an offset current ransient. This was a consistent 
finding in all 12 cells tested. 
PTX was rather potent in blocking the GABAc 
receptor in catfish cone horizontal cells. The dose-effect 
relationship of PTX based on data from seven cells is 
shown in Fig. I(B). Responses were all measured at the 
time indicated by the dotted vertical line in Fig. I(A) and 
normalized to values obtained with 30/~M alone (no 
PTX). The smooth curve through the data points is a 
theoretical fit of the measured data to a logistic equation 
given in the figure legend with an IC5o = 0.64/~M and 
n = 1.43. It is interesting to note that even at 100 #M, a 
concentration about 150 times higher than the IC50, 
where PTX completely blocked the current response 
elicited by 30 #M after a small initial transient, he offset 
current transient could still be clearly seen at the offset of 
the drug pulse. 
The offset current transient resulted from a faster 
removal of PTX than GABA from the GABAc receptor 
during washout 
Two possibilities can account for the appearance ofthe 
offset current ransient. It could be an artifact of the 
perfusion system, or it may be caused by a much faster 
washout of PTX than GABA from the receptor molecule. 
The next series of experiments was designed to 
distinguish between these two possibilities. The appear- 
ance of the offset current transient was temporally 
correlated with the beginning of wash, as illustrated in 
Fig. 2(A). The solid trace in al shows a typical offset 
current transient during washout. The dotted current trace 
was the control response to 30 #M GABA from the same 
cell and was superimposed for comparison. When the 
wash was stopped immediately after the offset of the drug 
pulse the steady-state current persisted and the offset 
transient disappeared (a2), presumably due to a much 
slower removal of both PTX and GABA from the 
receptor-chloride channel complex by simple diffusion. 
The offset transient recovered fully after the wash 
channel was turned back on at the end of the drug pulse 
(data not shown). When the duration of the drug pulse 
was increased by 4 sec the appearance of the offset 
current ransient was correspondingly delayed by about 
the same amount of time (a3). 
If, as suggested above, the offset current ransient was 
generated due to a faster dissociation ofPTX than GABA 
from the receptor during washout, he addition of PTX to 
the solution in the wash line, which maintains the PTX 
concentration during washout, should completely elim- 
inate the transient. This was indeed the case, as 
demonstrated in Fig. 2(B). The solid trace in bl shows 
the offset transient from another cell obtained when the 
Ringer solution used for wash contained no PTX. When 
the same drug pulse (30 #M GABA + 10 #M PTX) was 
given to the same cell that was later superfused with a 
Ringer solution containing 10 #M PTX for at least 
20 sec, both the onset and the offset current ransients 
were completely eliminated (b2). Both current ransients 
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FIGURE 2. The current transients atthe onset and offset of the drug pulse. Cells were continuously perfused with control Ringer 
solution except in a2, where perfusion was stopped immediately after the offset of the drug pulse and in b2, where 10/tM PTX 
was added to control Ringer solution. At the time indicated by the upward eflections of the horizontal lines above the response 
traces 30/tM GABA was co-applied with i0 #M PTX. (A) The generation ofthe offset ransient isdependent on wash. The light 
dotted current trace is the responses to30 #M GABA alone and is superimposed for comparison. The offset ransient appeared 
shortly after the offset of the drug pulse if wash was turned on simultaneously (trace al) and disappeared when wash was 
stopped immediately after the offset of the drug pulse (a2). The appearance of the offset ransient istemporally associated with 
the onset of wash• When the onset of wash was delayed by 4 sec because of a longer drug pulse the appearance of the offset 
transient was also delayed by about 4 see (a3). (B) Addition of PTX to control Ringer eliminates both the transient currents at 
the onset and the offset of the drug pulse. Current responses were obtained from another cell and bl shows the typical current 
response to co-application fGABA (30 #M) and PTX (10 #M) in this cell. After the wash the channel was switched to the one 
containing PTX (10/~M) for 20 sec before the drug pulse was turned on, both the current transients atthe onset and offset of the 
drug pulse were eliminated (b2). The current races hown in bl and b2 are superimposed in b3 for comparison. 
reappeared after switching back to the control solution 
(data not shown). These results suggest that the 
rebounding offset current transient is not a perfusion 
artifact, but is most likely caused by a faster dissociation 
of PTX than GABA from the receptor during washout. 
Full recovery of the GABAc current from PTX inhibition 
requires a second GABA application 
The full recovery from PTX inhibition seemed to occur 
only after the receptor was activated by a second 
application of  GABA. In Fig. 3(A) and (B) the control 
traces show current responses to 30 ~M GABA. When 
only GABA was applied, identical responses could be 
obtained when the washing time between GABA 
applications was 20 sec or longer (data not shown). This 
indicates that the 20 sec time period was long enough to 
completely wash away the applied GABA from the 
receptor. Co-application of 10#M PTX and 30/LM 
GABA generated characteristic reduced responses (traces 
a2 and b2) similar to those shown in Fig. 2. However, 
prolonged wash with control Ringer solution in the 
absence of GABA could not completely remove the PTX 
effect. Trace a3 was recorded after a 20 sec wash. The 
residual PTX effect, indicated by the open arrow, is 
evident by the slower onset of  the current response to the 
second exposure to GABA and was completely removed 
about 6 sec after the onset of  the GABA pulse. The full 
recovery is indicated by the return of  the current response 
to the control level thereafter (see the filled arrow in the 
superimposed current traces on the bottom row). Trace 
a4, recorded 20 sec later after a3, was identical to control, 
confirming that no further recovery was seen during the 
third exposure to GABA. Yet when the duration of  the 
wash after PTX application was increased from 20 to 
160 sec, an almost identical pattern of  recovery was 
observed (compare trace b3 with trace a3). Thus, even an 
eight-fold increase in wash time had no additional effect 
on the recovery of  the GABAc  current from PTX 
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FIGURE 3. The full recovery from the PTX inhibition requires a second GABA application. (A) The full recovery could not be 
obtained with 20 sec wash in the absence of GABA, but was obtained rapidly in the presence ofGABA. Trace al shows the 
control response to30 #M GABA. Trace a3 was recorded 20 sec after a2, which was recorded when GABA was co-applied with 
10 #M PTX. The residual PTX effect is seen shortly after the onset of the GABA pulse (indicated by the open arrow) and was 
completely eliminated within 6 sec (indicated by the filled arrow in superimposed traces at the bottom). Trace a4, recorded 
20 sec after a3, is identical to control. (B) Prolonged wash (160 sec) in the absence of GABA does not help to remove the 
residual PTX inhibition. Current responses were obtained from the same cell as in (A). Trace bl is the control response. Trace b3 
was recorded after 160 see wash. Virtually identical recovery pattern was obtained as in (A). Trace b4 was recorded 20 see after 
b3. Full recovery was again obtained only in the presence ofGABA. See text for further details. 
inhibition: the residual PTX effect was still evident at the 
onset of the current response to the second exposure to 
GABA and the full recovery again occurred about 6 sec 
after the onset of the GABA pulse (b3). These results thus 
demonstrate that the full recovery of the whole-cell 
current from PTX inhibition requires the presence of 
GABA to activate GABAc receptor, and is difficult to 
achieve in the absence of GABA. 
Comparisons of the actions of PTX and zinc on the 
GABAc receptor curren.t. 
It has been shown that zinc is concentrated in synaptic 
terminals of both rod and cone photoreceptors (Wu et al., 
1993). Since cone horizontal cells receive inputs from 
cone photoreceptors it is possible that zinc could exert 
some neuromodulatory ,effect on those cells. Indeed we 
found that zinc could effectively block the GABAc 
current with IC50 = 8.2/~M (Dong & Werblin, 1995). 
Figure 4 compares the kinetics of the actions of PTX (A) 
and zinc (B) at two different concentrations on the 
GABAc receptor current when they were co-applied with 
GABA. Although at those concentrations, PTX and zinc 
produced comparable initial current transients and 
steady-state inhibition, the offset current ransients were 
clearly absent in the current races recorded in zinc [Fig. 
4(B)]. Since the offset current transient was apparently 
produced by a faster dissociation of PTX than GABA 
from the receptor, the lack of the transient during 
washout of zinc suggests that zinc washes away at a rate 
either comparable to, or slower than that of GABA. These 
results also verify that the offset current ransient is not an 
perfusion artifact since it only occurred when GABA and 
PTX were co-applied. 
In contrast o the PTX inhibition, the full recovery 
from the zinc blockade was obtained after 20 sec washing 
in the absence of GABA (Fig. 5). For comparison, Fig. 
3(B) was re-plotted as Fig. 5(A), showing that 160 sec 
washing in the absence of GABA was not enough for a 
full recovery of the GABAc current from the PTX 
inhibition. Figure 5(B) shows that 20sec washing 
without GABA was sufficient o completely remove zinc 
inhibition. These results suggest hat access to the PTX 
binding site is facilitated after the receptor is activated, 
whereas the access to the zinc site does not require the 
activation of the receptor. 
DISCUSSION 
Use-dependent binding site PTX at the native GABA¢ 
receptor 
At the GABAc receptor on retinal horizontal cells, the 
PTX effect has both competitive and noncompetitive 
components. PTX affects the ICso as well as the 
maximum response (Qian & Dowling, 1994). This 
suggests that PTX has at least two separate binding sites 
at the GABAc receptor: one at the GABA recognition site 
and the other at somewhere else in the receptor. We found 
that the action of PTX was partially activity-dependent or 
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FIGURE 4. Comparisons ofthe kinetics of the effects of PTX and zinc on the GABAc receptor current. (A) Kinetics of the effect 
of PTX. Three current traces are superimposed for comparison: the dotted trace was recorded with no Frx.  The other two are 
responses to 30 ,uM GABA co-applied with 10/~M or 100 #M PTX. The offset current transients, indicated by an open arrow, 
can be clearly seen at the offset of the drug pulse. (B) Kinetics of the effect of zinc. Responses are from a different cell. Three 
current races are superimposed for comparison. The dotted trace was recorded with no zinc. The other two are responses to 
30 ,uM GABA co-applied with 30 or 100 #M zinc. There is no offset current ransient at the offset of the drug pulse under 
identical perfusion conditions. 
"use-dependent", i.e. the full-recovery of PTX-induced 
suppression of the GABAc current required a second 
GABA application (Fig. 3). Our results suggest that the 
binding site of PTX responsible for the noncompetitive 
effect is probably inside the GABAc receptor and its 
access requires GABA binding to the receptor. We 
cannot tell from our data, however, whether the PTX 
binding site is inside the chloride channel or at 
somewhere else in the receptor. A similar use-dependent 
action of PTX has been described at the GABAA receptor 
in frog sensory neurons (Inoue & Akaike, 1988), in rat 
hippocampal neurons (Yoon et al., 1993), and in 
Xenopus oocytes expressing GABAc-like channels 
(Woodward et al., 1992). The use-dependent i hibiting 
action of PTX at the GABAc receptor observed in this 
work is not as strong as that found at the GABAA 
receptor. This is probably due to the fact that the 
inhibiting action of PTX is only partially noncompetitive 
at the GABAc receptor, but is completely noncompeti- 
tive at the GABAA receptor (Inoue & Akaike, 1988). 
After horizontal cells were superfused with a Ringer 
solution containing 10 pM PTX for 20 sec or longer, co- 
application of GABA with PTX did not generate an onset 
current ransient (trace b2 in Fig. 2) normally seen in the 
cells superfused with control Ringer (trace bl). This 
cannot be explained solely by a simple use-dependent 
mechanism and suggests that there is another pathway for 
PTX to get to its binding site. PTX is believed to be 
electrically neutral at physiological pH (Porter, 1967) and 
therefore can reach its binding site inside the receptor via 
diffusion through the membrane. There is some evidence 
that in the GABAA receptor two parallel (a hydrophilic 
and a hydrophobic) pathways exist for PTX to reach its 
binding site inside the CI- channel (Inoue & Akaike, 
1988). However, our results can be better explained with 
a multiple-site mechanism, as described by Yoon et al. 
(1993) to account for the complex effect of PTX on 
GABAA receptor channels in rat hippocampal neurons. 
Binding of PTX to these sites causes inhibition of the 
receptor current. Complete removal of PTX from its use- 
dependent site requires the activation of the receptor with 
GABA. 
PTX dissociates faster than GABA from the GABAc 
receptor during washout 
A somewhat unexpected finding of this study is that 
during washout PTX seems to dissociate faster than 
GABA from the GABAc receptor. As mentioned earlier, 
the conformational change of the receptor molecule 
caused by binding of GABA to the receptor opens up the 
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FIGURE 5. Removal of the zinc inhibition does not require activation ofthe receptor by GABA. (A) Re-plot of Fig. 4(B), 
showing that he full recovery from the PTX inhibition requires a second GABA application even after prolonged (160 sec) 
wash. See the corresponding text in Fig. 3 for a detailed explanation. (B) The full recovery from the inhibition by 100 #M zinc 
could be obtained after 20 see wash without additional GABA application. 
PTX recognition site. Binding of PTX leads to inhibition 
of the response. It is conceivable if PTX dissociates from 
the receptor faster than GABA that a rebounding current 
transient will occur. This is exactly what we have 
observed (for example see the offset current ransient in 
Fig. 2). Also, as expected, when the PTX concentration 
was maintained uring washout he rebounding current 
transient disappeared (trace b2 in Fig. 2). If the 
dissociation rate of a blocker is comparable to, or slower 
than that of GABA the rebounding current transient 
during washout will not occur. This is probably the case 
when zinc and GABA was co-applied [Fig. 4(B)]. 
The offset current ransient was not seen at the GABAA 
receptor when PTX was co-applied with GABA (Inoue & 
Akaike, 1988; Newland & Cull-Candy, 1992). One 
possibility to explain this is that GABA dissociates faster 
from the GABAA receptor than from the GABAc during 
washout so that the removal of PTX is not faster than 
GABA and a rebounding: current ransient will not occur. 
Indeed, Qian and Dowling (1993) observed that washout 
of GABA from the GABAA receptor is much faster than 
from the GABAc subtype. 
Comparison between P IX  and zinc actions 
In contrast o the PTX action, the zinc effect is use- 
independent. The binding site for zinc is probably outside 
the membrane electrical field and is likely on the surface 
of the receptor molecule (Dong & Werblin, 1995). Figure 
6 summarizes the use-dependent and use-independent 
actions of PTX and zinc at an individual receptor. The 
conformational change of the GABAc receptor induced 
by GABA binding opens up the use-dependent binding 
site for PTX (for simplicity we only show the use- 
dependent site and assume that it is in the chloride 
channel). After GABA is dissociated from the receptor, 
PTX is trapped in the receptor. Its removal requires a 
second GABA application to activate the receptor to let 
PTX out. On the other hand, availability of the binding 
site for zinc is independent of GABA binding. Zinc may 
block the GABAc current by an indirect action through a
conformational change as illustrated in the figure. 
Complete removal of zinc does not require activation of 
the receptor by GABA. 
Comparison between the native GABAc receptor and the 
p receptor expressed inXenopus oocytes 
It is widely believed that the native GABAc receptor is 
a homo-oligomer of the p subunits (p 1 or p 2). In 
general, the pharmacological properties of the native 
receptors are similar to those of the p receptor: both 
receptors are insensitive to the GABAA receptor 
antagonist bicuculline and a number of other GABAA 
receptor modulators, such as barbiturates and benzo- 
diazepines, and both contain an integral chloride channel. 
The affinity to GABA of both receptors are high and 
ECsos are between 1 and 3 #M (Woodward et al., 1992; 
Qian & Dowling, 1993; Wang et al., 1994; Dong & 
Werblin, 1995; Takahashi et al., 1995). However, 
systematic differences between the two seem to exist. 
For example, PTX and zinc are much more potent at the 
native receptor than at the p receptor. At the native 
receptor, the IC5o of PTX measured at the near saturating 
or saturating doses of GABA (10-100 #M) is 0.24 pM at 
10/~M GABA (Qian & Dowling, 1994), 0.64/tM at 
30 #M GABA (Fig. 1 of this report), and 2.37/~M at 
100 #M (Takahashi et al., 1995). At the p receptor the 
IC5o of PTX is about 50 ~M at 20/~M GABA (Wang et 
al., 1994), a value that is about 20-200 times higher than 
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FIGURE 6. The schematic diagram illustrating the use-dependent and use-independent actions of PTX and zinc. See text for 
details. 
that obtained at the native receptor! Also, the IC50 of zinc 
is 8/~M at the native receptor (Dong & Werblin, 1995), 
but is 16/~M for the p 2 receptor and 21 #M for the p 1 
receptor (Wang et al., 1994). At the native receptor, the 
potent GABAA receptor agonist muscimol at its saturat- 
ing dose elicits a response only about one-third of the 
maximal GABA response (Dong et al., 1994; Qian & 
Dowling, 1994) whereas at the p receptors it generates a 
response that is about 70% of the maximal GABA 
response (Wang et al., 1994). The Hill coefficient of the 
GABA dose-response curve seems to be higher at the p 
receptor (ranging from 2.3 to 2.5; Wang et al., 1994) than 
that at the native receptor (ranging from 1.3 to 1.8, Qian 
& Dowting, 1994; Dong & Werblin, 1995). The simplest 
explanation for all the differences mentioned above is 
that the intracellular environment of the oocyte is very 
different from the native one and some cofactors needed 
for the full function of the receptor are missing. 
Alternatively, these differences may be due to the fact 
that the native receptor is not an homo-oligomer of p 
subunit as generally believed. So the structure of the 
native receptor differs significantly from that of the p 
receptor. It is also possible that the differences observed 
are due to the diversity of the GABAc receptors 
expressed in cold-blooded vertebrates and in warm- 
blooded animals since detailed studies on the properties 
of native receptors are performed mainly in the lower 
vertebrates, whereas so far information about the p 
receptors has been obtained exclusively from the 
expression of mammalian RNA. 
REFERENCES 
Assaf, D. Y. & Chung, S.-H. (1984). Release of endogenous zinc from 
brain tissue during activity. Nature, 308, 734-736. 
Dong, C.-J., Picuad, S. A. & Werblin, F. S. (1994). GABA transporters 
and GABAc-like receptors on catfish cone- but not rod-driven 
horizontal cells. Journal of Neuroscience, 14, 2648--2658. 
Dong, C.-J. & Werblin, F. S. (1994a). Dopamine modulation of 
GABAc receptor function in an isolated retinal neuron. Journal of 
Neurophysiology, 71, 1258-1260. 
Dong, C.-J. & Werblin, F. S. (1994b). Properties of GABAc receptors 
in isolated catfish cone horizontal cells. Investigative Ophthalmol- 
ogy and Visual Science, 35, Suppl., 2154. 
Dong, C.-J. & Werblin, F. S. (1995). Zinc downmodulates the GABAc 
receptor current in cone horizontal cells acutely isolated from the 
catfish retina. Journal of Neurophysiology, 73, 916-919. 
Draguhn, A., Verdorn, T. A., Ewert, M., Seeburg, P. H. & Sakmann, B. 
(1990). Functional and molecular distinction between recombinant 
rat GABAA receptor subtypes by Zn ÷÷. Neuron, 5, 781-788. 
Feigenspan, A., Wassle, H. & Bormann, J. (1993). Pharmacology of 
GABA receptor channels in rat retinal bipolar cells. Nature, 361, 
159-162. 
Fenwick, E. M., Marty, A. & Neher, E. (1982). A patch-clamp study of 
bovine chromaffin cells and of their sensitivity to acetylcholine. 
Journal of Physiology (London), 331, 577-579. 
Frederickson, C. J. (1989). Neurobiology of zinc and zinc-containing 
neurons. International Reviews in Neurobiology, 31, 145-238. 
Grant, G. B. & Werblin, F. S. (1994). Low-cost data acquisition and 
analysis programs for electrophysiology. Journal of Neuroscience 
Methods, 55, 89-98. 
Hamill, O. P., Marty, A., Neher, E., Sakmann, B. & Sigworth, F. J. 
(1981). Improved patch-clamp techniques for high-resolution 
current recording from cells and cell-free membrane patches. 
Pflugers Archives, 391, 85-100. 
Haug, F. M. (1967). Electron microscopical localization of zinc in 
hippocampal mossy fibre synapses by modified sulphide silver 
procedure. Histochemistry, 8, 355-368. 
Holm, I. G., Andreasen, A., Danscher, G., Perenz-Clausell, J. & 
Nielsen, H. (1988). Quantification of vesicular zinc in the rat brain. 
Histochemisty, 289-293. 
Inoue, M. & Akaike, N. (1988). Blockade of ~-aminobutyric a id-gated 
chloride current in frog sensory neurons by picrotoxin. Neuroscience 
Research, 5, 380-394. 
Johnston, G. A. R. (1986). Multiplicity of GABA receptors. In Olsen, 
R. W. & Venter, J. C. (Eds) Benzodiazepine/GABA receptors and 
chloride channels. Receptor biochemistry and methodology (Vol. 5, 
pp. 57-71). New York: Alan R. Liss, Inc. 
Linn, C. P. & Christensen, B. N. (1992). Excitatory amino acid 
regulation of intracellular Ca 2÷ in isolated catfish cone horizontal 
cells measured under voltage- and concentration-clamp conditions. 
Journal of Neuroscience, 12, 2156-2164. 
Lukasiewicz, P. D., Maple, B. R. & Werblin, F. S. (1994). A novel 
GABA receptor on bipolar cell terminals in the tiger salamander 
retina. Journal of Neuroscience, 14, 1202-1212. 
Lukasiewicz, P. D. & Werblin, F. S. (1994). A novel GABA receptor 
modulates ynaptic transmission from bipolar to ganglion and 
EFFECTS OF PICROTOXIN AND ZINC ON GABAc RECEPTORS 4005 
amacrine cells in the tiger salamander etina. Journal of 
Neuroscience, 14, 1213-1223. 
Naka, K.-I. & Carraway, N. R. G. (1975). Morphological and 
functional identification of catfish retinal neurons I. Classical 
morphology. Journal of Neurophysiology, 38, 53-71. 
Newland, C. F. & Cull-Candy, S. G. (1992). On the mechanism of 
action of picrotoxin on G,M3A receptor channels in dissociated 
sympathetic neurones of the rat. Journal of Physiology (London), 
447, 191-213. 
Porter, L. A. (1967). Picrotoxin and related substances. Chemical 
Review, 67, 441--464. 
Qian, H. & Dowling, J. E. (1993). GABA receptors with a novel 
pharmacology in rod-driven retinal horizontal cells. Nature, 361, 
162-164. 
Qian, H. & Dowling, J. E. (1994). Pharmacology of novel GABAc 
receptors found on rod horizontal cells of the white perch retina. 
Journal of Neuroscience, 14, 4299--4307. 
Schwartz, E. A. (1987). Depolarization without calcium can release 7- 
aminobutyric acid from a retinal neuron. Science, 238, 350-355. 
Sivilotti, L. & Nistri, A. (1989). Pharmacology of a novel effect of 7- 
aminobutyric acid on the fi'og optic tectum in vitro. European 
Journal of Pharmacology, 164, 205-212. 
Tachibana, M. (1981). Membrane properties of solitary horizontal cells 
isolated from goldfish retina. Journal of Physiology (London), 321, 
141-161. 
Takahashi, K.-I., Miyoshi, S.-I. & Kaneko, A. (1995). GABA-induced 
chloride current in catfish horizontal cells mediated by non-GABAA 
receptor channels. Japanese Journal of Physiology, 45, 437-456. 
Wang, T. L., Guggino, W. B. & Cutting, G. R. (1994). A novel gamma- 
aminobutyric acid receptor subunit (rho 2) cloned from human retina 
forms bicuculline-insensitive homo-oligomeric receptors in Xeno- 
pus oocytes. Journal of Neuroscience, 14, 6524--6531. 
Westbrook, G. L. & Mayer, M. L. (1987). Micromolar concentrations 
of zinc antagonize NMDA and GABA responses in hippocampal 
neurons. Nature, 328, 640-643. 
Woodward, R. M., Polenzani, L. & Miledi, R. (1992). Characterization 
of bicuculline/baclofen-insensitive 7-aminobutyric acid receptors 
expressed in Xenopus oocytes. I Effects of C1 channel inhibitors. 
Molecular Pharmacology, 42, 165-173. 
Wu, S. M., Qiao, X., Noebels, J. L. & Yang, X. L. (1993). Localization 
and modulation action of zinc in vertebrate r tina. Vision Research, 
33, 2611-2616. 
Xie, X. & Smart, T. G. (1991). A physiological role for endogenous 
zinc in rat hippocampal synaptic neurotransmission. Nature, 349, 
521-524. 
Yoon, K.-W., Covey, D. S. & Rothman, S. M. (1993). Multiple 
mechanisms of picrotoxin block of GABA-indaced currents in rat 
hippocampal neurons. Journal of Physiology (London), 464, 423- 
439. 
